ABSTRACT Competent Haemophilus cells recognize and preferentially take up Haemophilus DNA during genetic transformation. This preferential uptake is correlated with the presence on incoming DNA of an 11-base-pair (bp) sequence, 5'-A-A-G-T-G-C-G-G-T-C-A-3'. To prove that this sequence is the recognition site that identifies Haemophilus DNA to the competent cell, we have now constructed a series of plasmids, each of which contains the 11-bp sequence. Using two different assay systems we have tested the ability offragments from these plasmids to compete with cloned Haemophilus DNA fragments that naturally contain the 11-bp sequence. We find that the addition of the 11-bp sequenceto a DNA fragment is necessary and sufficient for preferential uptake of that fragment. However, plasmid DNAs containing this sequence may vary as much as 48-fold in uptake activity, and this variation correlates with the A+T-richness of the DNA flanking the li-mer. 
pete with cloned Haemophilus DNA fragments that naturally contain the 11-bp sequence. We find that the addition of the 11-bp sequenceto a DNA fragment is necessary and sufficient for preferential uptake of that fragment. However, plasmid DNAs containing this sequence may vary as much as 48-fold in uptake activity, and this variation correlates with the A+T-richness of the DNA flanking the li-mer. (2) . Fragments ofHaemophilus DNA cloned in Escherichia coli retain the ability to direct selective uptake, indicating that they bear identifying sequences or "uptake sites" rather than a particular pattern of modified bases (3) . Four small cloned fragments exhibiting preferential uptake were found to contain a common 11-base-pair (bp) sequence, 5'-A-A-G-T-G-C-G-G-T-C-A-3' (4). Ethylation of phosphate groups on one of these DNA fragments in and near the region of the 11-bp sequence was found to significantly diminish uptake (4) . From these experiments, we concluded that the 11-bp sequence is probably involved in Haemophilus DNA recognition. However, it was possible to obtain a definitive proof of this idea by cloning synthetic 11-bp sequences into the plasmid pBR322 and examining their ability to direct DNA uptake.
In this paper we describe the construction of a series of pBR322 derivatives, each ofwhich contains the synthetic 11-bp sequence in a different DNA context. Two different assay systems were used to compare the activity of pBR322 fragments containing these synthetic uptake sites to the activity of cloned Haemophilus DNA fragments bearing natural uptake sites. One assay examines the ability of the synthetic site to direct the uptake ofthe DNA fragment on which it resides into a DNase-and salt-resistant form. The other assay tests whether the synthetic site can interfere with the transformation of Haemophilus cells to streptomycin resistance by competing with the streptomycinresistant (StrR) DNA for cell-uptake. From the results of these experiments, we conclude that the presence of the 11-bp sequence on a DNA fragment is necessary and sufficient for preferential uptake of that fragment. However, we have also observed that the more A+T-rich the DNA flanking this sequence, the better the uptake, and that the level of uptake specified by two different regions containing the 11-bp sequence may vary as much as 48-fold.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Media. Haemophilus influenzae Rd strain com56 [a high-uptake mutant (5) ], KW35 (a StrR strain), and KW21 [a streptomycin-sensitive (Strs) strain] were grown in Difco heart infusion broth supplemented with hemin at 10 ug/ml (Eastman) and NAD at 2 ,g/ml (Sigma). E. coli strains HB101 (hsdR hsdM recA), C600 (hsdR), and MM294 (endA hsdR) were grown in L broth (6) . Strain MM294 was used for all fusaric acid selections. Recombinant plasmid pKS17 has been described (3); it contains an 8. 1-kilobase (kb) insert of H. parainfluenzae DNA bearing two naturally occurring uptake sites, cloned into the BamHI site of pBR322.
Chemical Synthesis of il-mers and 15-mers. 5'-A-A-G-T-G- (9) . Lysate DNA was subjected to electrophoresis and autoradiograms of dried gels were obtained as described (4 (9) .
pEUPJ. The objective in this case was to place a single copy of the 11-bp sequence between two filled-in EcoRI termini, so that it would have four A-T pairs on each side. Two 15-mer strands were synthesized so that the duplex would have singlestranded ends that could base pair with EcoRI ends: 5 (4) . One strand is shown for each, running in the 5' to 3' direction. On the right is shown the uptake activity of each site relative to the second pKS17 site, which is arbitrarily assigned a value of 100%. Uptake activity is calculated from the ratios of the band intensities in the autoradiograms shown in Fig. 2 . These bands were quantitated by weighing the paper peaks obtained from tracings with a Joyce-Loebl Mark I11C densitometer. The following formula was used: uptake activity of site in a given band B (of the six bands shown in Fig. 2 Proc. Natl. Acad. Sci. USA 79 (1982) tham, MA) was ligated and recleaved with BamHI to generate BamHI-ended 11-mers. These were treated with bacterial alkaline phosphatase (Worthington) to prevent multiple insertions and ligated in 10-fold molar excess into the BamHI site in the'TetR gene ofpBR322. The ligation mixture was made up as for the pRSUP1 construction. The fusaric acid technique was used to select cells carrying recombinant plasmids. Plasmid DNAs from six clones were linearized with HindIII, subjected to agarose gel electrophoresis, transferred to nitrocellulose, and hybridized with one of the 1l-mer strands labeled at its 5' end (14) . Of six plasmids screened by this method, four seemed to have a single copy of the l1-mer. One of these, pBUP2, was sequenced in the region of the 11-bp sequence (Table 1) . Table 1 . If circular pBR322 DNA is cut with both Ava -I and HindIII, two fragments of 2.9-kb and 1.4-kb are generated, which can easily be identified when mixed with EcoRI-digested pKS17. If a mixture of these six fragments is presented to competent Haemophilus cells, the two fragments bearing natural sites should be preferentially taken up by competent cells and the other fragments excluded. If a functional synthetic site has been created in one of the pBR322 fragments, it should also be taken up. In this assay system, DNA uptake is quantitated by determining the amount of exogenous DNA that becomes protected from external DNase treatment and high-salt washing. When fragments bearing synthetic or natural sites are recovered from lysed cells, a comparison oftheir relative abundance before and after uptake offragments gives a direct and reasonably accurate measurement of the relative efficacy of the synthetic site. Because the input ratio of fragments is taken into account, perturbations due to unequal amounts ofinput DNA are removed.
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RESULTS

Comparison of the Activity of Synthetic and Natural
Saturating amounts of DNA fragments (1 tkg/ml) are used to ensure maximal competition. Because each synthetic site is compared to the same natural sites, synthetic sites can be quantitatively compared with each other. Fig. 2 and Table 1 is diluted with plasmid DNA that has uptake sites but no StrR gene (and therefore can compete for uptake but cannot produce StrR colonies). Each point represents data from one plate normalized to 10 cm2. The x axis represents a mass ratio of the input DNAs; It has previously been shown-that each site on a DNA fragment competes for uptake independently (16) . Therefore, the x values for pKS17 have been shifted to the left by a factor of 1.43 to correct for the fact that pKS17 does not have the same number of sites per unit length (two per 12.5 kb) as do the pBR322 derivatives (one per 4.4 kb). In this experiment, we plot pBR322 and the pBR322 derivatives containing the il-mer as having one site per molecule and pKS17 as having two. Hence the slope of each line relative to that of pKS17 (arbitrarily set at 100%) gives the percent activity for each synthetic site, as shown. pBR322, pRSUP1, and pBUP2 are all noted as <24% to indicate that the background of variability in this experiment is too high to assign to them a more precise value.
is evident that all DNA fragments bearing the 11-bp sequence are taken up preferentially whereas the corresponding pBR322 fragments are not. Furthermore, it can be seen that a correlation exists between the A+T-richness of the flanking DNA and uptake activity. In this assay system, the synthetic site with the most A+T-rich context, pPUP3, has an activity nearly 2-fold greater than the two natural sites. At the other extreme, the synthetic site with the most G+C-rich context, pBUP2, is taken up at a level nearly 1/50th that of pPUP3. Although 5'-A-A-G-T-G-C-G-G-T-C-A-3' seems to be the sequence of the DNA recognition site, it is clear that this sequence by itself is not equally effective in every DNA context. Flanking DNA apparently cannot block the activity of the il-mer completely, but can (at least in one assay system) decrease it to 1/25th or increase it to almost 2-fold higher than a natural site. The evidence strongly favors the idea that the recognition feature that flanking DNA provides is A+T-richness. The correlation between local A+T-richness and uptake activity appears to hold for all six sites examined and in both assay systems, with the possible exception of the reversal ofpPUP3 and pKS17 levels in the transformation assay. The ethylation data (4) suggest that the DNA contact points extend only several bases to each side of the 1l-mer and this parallels the uptake results for pRSUP1 and pBUP2 in the radioactive fragment assay; the synthetic sites on these plasmids are both G+C-rich, Proc. Natl. Acad. Sci. USA 79 (1982) but the former has an APT pair next to the site on each side, making it less G+C-rich in this local region, and these sites differ 6-fold in uptake in the expected direction. It is less likely but still possible that recognition is not due to A+T-richness in the region surrounding the 11-mer but instead relies on some other feature-such as base pair degeneracies (17) of the types recognized by restriction enzymes ("purine/pyrimidine," "G or T," "A or C"). However, the only degeneracies ofthese types that correlate with the uptake activities of all the sites are two A or C degeneracies at 7 and 8 bp to the left of the li-mer and a G or T degeneracy 9 bp to the right ofthe li-mer. No purine/ pyrimidine degeneracies that fit the uptake data are observed. How does a competent Haemophilus cell recognize the A+T-rich DNA flanking the 11-bp sequence? Any of several mechanisms may be involved. The postulated cell receptor may make contact with the minor groove ofthe incoming DNA, where A-T and TEA base pairs differ from GC and COG pairs by the absence of the centrally located 2-amino group of guanine (17) . The receptor may induce a partial melting of DNA strands in the region of the 11-bp sequence, a process facilitated by the lower melting point of A+T-rich DNA. Such a mechanism has been proposed for the action of bacterial RNA polymerases (18) . Finally, it has been shown recently that even short runs of A or T impart a significantly different twist to the DNA helix than do random DNA or alternating A and T (19, 20) ; perhaps this altered twist is an important recognition feature.
